We studied the oxygen isotope effect (OIE) on the zero point motion and the thermal motion as well as on structural parameters in La2CuO4 by means of high-resolution neutron diffraction experiments. We found a negative OIE on the lattice parameters (-0.01%). The OIE on the isotropic thermal parameters turned out to be positive for lanthanum, copper and negative for the oxygen atoms, respectively. The Rietvield refinement of the anisotropic thermal parameters of the different directions yielded the same sign of the OIE for each ion. Our analysis shows that the OIE on isotropic thermal parameters is most pronounced for La at 15 K (up to 100%) which we found to be originating mainly from the thermal motion in x-direction as determined from the refinement of the anisotropic thermal parameters.
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I. INTRODUCTION
Possibly the largest enigma in contemporary solid state physics is how doping holes into the antiferromagnetic planes can lead to high transition temperature superconductivity in the cuprates. Early after their discovery, Anderson proposed an explanation in terms of resonating valence bonds (RVB)
1 based on the fact that the parent compound exhibits long-range antiferromagnetic order 2 . Indeed quantum effects seem to play an essential role in the cuprates: For instance the observed zone boundary spin-wave dispersion in La 2 CuO 4 3 may be a fingerprint of an intrinsic quantum effect typical for a 2D quantum Heisenberg antiferromagnet 4 . The importance of quantum fluctuations should also be reflected in zero-point motion effects. In the case of C 60 the extent of zero-point motion effects turned out to be significant 5 in a sense that they may be responsible for a substantial renormalization of electron-phonon coupling. In the lanthanum cuprates, this point has not been addressed experimentally so far. In particular no information about the oxygen isotope effect (OIE) on the zero point motion is available.
Isotope effects on electronic properties in the cuprates are well known, the superconducting transition temperature decreases with oxygen isotope substitution 6 whereas the pseudogap temperature raises as has been demonstrated e.g. by means of neutron cyrstal-field spectroscopy 7 . Regarding isotope effects on magnetic properties only little is known so far. Recently Khasanov et al.
8 performed a detailed muon-spin rotation and magnetization study of the isotope dependence of magnetic quantities, they found that the antiferromagnetic ordering and spin-glass ordering temperature in Y 1−x Pr x Ba 2 Cu 3 O 7−δ exhibit a large OIE in the regime where superconductivity and antiferromagnetic order coexist. A huge OIE on the spin glass temperature was also found in Mn-doped LSCO at low doping while the isotope effect is small in Mn-free samples 9 . These unusual effects could arise from the isotope dependent mobility of the charge carriers 10 . As for the undoped compound La 2 CuO 4 , the Néel temperature T N slightly decreases upon oxygen isotope substitution 11 . These findings were assumed to originate from structural changes upon oxygen isotope substitution 12 . But so far only the isotope effect on the lattice constants and the following orthorhombicity have been measured. Thus there is need for a careful neutron diffraction study to extract the OIE on structural parameters and on thermal motion which might be relevant for J, the coupling constant of the in-plane antiferromagnetic superexchange interaction between nearest-neighbor Cu 2+ spins. To do so we perforemd a high-resolution neutron diffraction study. Neutron diffraction is an excellent tool to study thermal and zero point motion since the neutron cross section is directly proportional to the Debye-Waller factor.
II. EXPERIMENTS
Polycrystalline samples of La 2 CuO 4 were prepared using conventional solid state reaction. Oxygen isotope exchange was performed using the procedure described previously 13 . The oxygen content was determined by thermogravimetric hydrogen reduction 14 . Magnetization measurements were performed using a Quantum Design MPMS in fields ranging from 20 mT to 6 T at temperatures between 4 and 300 K on La 
B. Neutron diffraction
The intensity pattern from neutron diffraction were refined using the orthorhombic nonstandard space group Bmba which is isomorphic to the standard space group Cmca (No. 64.), with atomic positions O1= (1/4, 1/4, z), O2= (0, y, z), La= (0, y, z) and Cu= (0, 0, 0). The occupancy of all atoms was set to the full value, the oxygen content was fixed to 4.0. Isotropic and anisotropic Debye-Waller temperature factors (short: thermal parameters) were refined for each data set. The results for the lattice constants, atomic positions and Cu-O1 bond lengths obtained from a refinement with isotropic parameters are reported in Table I . Apparently there is no OIE on atomic positions within the resolution of the diffractometer and the fitting procedure. The results obtained using an anisotropic refinement are identical within the range of error. In the following we express the OIE on a quantity x such as lattice parameters a, b, c etc. by ∆x = ature is displayed in Fig. 3 .
In Fig. 4 the temperature evolution of the isotropic parameters B iso for Cu and O1 is illustrated for both the 16 O and 18 O sample. The B iso parameters increases with temperature, but below temperatures of approximately 100 K a saturation sets in. We note that the points at 15 K and at 290 K are measured with high statistics as opposed to the intermediate points which explains the larger error bars and the offset when going from the high-statistics to the low-statistics data. The results from the high-statistics data are summarized in Table III. The magnitude of the B iso -parameters scale qualitatively with the inverse mass of the atoms, more precisely B iso (O2) > B iso (O1) > B iso (Cu) > B iso (La) at 15 K and B iso (O2) > B iso (O1) > B iso (La) > B iso (Cu) at 290 K, respectively. The corresponding OIE on B iso -parameters are given in Table IV . We found that B iso of the oxygen atoms O1 and O2 exhibit a negative OIE, whereas the OIE is positive for La and Cu.
The results of the anisotropic thermal parameters are also reported in Table III . Since data were collected from a powder sample it is only possible to refine the diagonal elements U 11 , U 22 and U 33 . From the order of magnitude of U ii , 1 ≤ i ≤ 3 we deduce in which direction the movements are the largest: at 15 K U max = U 22 for La, Cu and O1 and U max = U 11 for O2. At 290 K we find U max = U 22 for La, U max = U 11 for O2 and U max = U 33 for Cu and O1. Similarly to the isotropic refinement the oxygen atoms showed a negative OIE, whereas La and Cu atoms had a positive OIE in all the directions. In particular we found that the OIE on U 11 is huge for La (∼ 90 %)and Cu (∼ 47 %) at 15 K. 
IV. DISCUSSION
Our neutron diffraction study showed that the samples La 2 Cu 16 O 4 and La 2 Cu 18 O 4 crystallized both in the orthorhombic space group Bmba, which is well known in literature 17 . We would like to emphasize that they are single-phased which confirms our results of the analysis of the oxygen content by means of hydrogen reduction which yielded an oxygen content of 4.004 ± 0.005. The small excess oxygen concentration explains the low values of the peak in the susceptiblity which is related to the Néel temperature T N 2 . The oxygen isotope substitution raises the peak in the susceptibility by 2.4 ± 0.2 K as opposed to results reported in Ref.
11 . However, we would like to point out that Zhao et al. 11 found that the values of T N and also the OIE on T N depends strongly on the preparation and annealing conditions of the samples. The structural parameters obtained from our neutron diffraction measurements on La 2 Cu 16 O 4 are in excellent agreement with literature 17, 18 . Measurements on HRPT which is very well suited to determine lattice constants with highest accuracy revealed a negative OIE on the lattice constants, see Table II . We found a tendency for the Cu-O1 bond lengths to be larger in the 16 O sample as compared to the 18 O sample by the order of 10 −4 , see results reported in Refs. 17, 18 and in Ref. 19 , respectively. We found a significant OIE on the zero point motion in terms of the thermal parameters up to approximately 50 % at 15 K. The OIE still exists at room temperature, however it is substantially lower, its maximum is ∼ 10 %, see Table IV . Interestingly, we observed a negative OIE on the thermal parameters -both B iso and U ii , 1 ≤ i ≤ 3 -for O1 and O2, whereas the OIE is positive in case of La and Cu which is qualitatively consistent with the sum rule for lattice vibrations 20 . Furthermore we would like to emphasize that the sign of the OIE on the anisotropic thermal parameters U ii is identical for the i = 1, 2, 3 direction with the sign of the OIE on the B iso parameters for each atom. Interestingly the OIE on the anisotropic thermal parameters varies significantly for the different direction of thermal motion at 15 K: ∆U 11 ≈ 0.9 down to ∆U 22 ≈ 0.3 and ∆U 11 ≈ 0.5 down to ∆U 33 ≈ 0.2, for La and Cu respectively. In the case of the oxygen atoms O1 and O2 the order of magnitude of the OIE on the anisotropic thermal parameter stays in a comparable range ∼ 0.2. At 290 K the changes in the OIE are substantial for La and Cu: while the OIE on U 11 (U 33 ) vanishes within the present accuracy, we obtained ∆U 33 ≈ 0.2 (∆U 11 ≈ 0.3) for La (Cu). The direction where the OIE is most pro- nounced is not identical with the direction where U ii is largest. In order to visualize the effect of the isotropic thermal parameters we show in Figure 5 the temperature evolution of the lattice parameter together with the mean displacement a±a 0 (Cu) deduced from the isotropic thermal parameters for the copper atom B iso (Cu)
In this scale it is striking that the OIE on the lattice parameter a is not visible anymore, even the temperature dependence of a ± a 0 as a whole expression is small. But the OIE on a ± a 0 due to the movement of the copper ion can be observed in terms of a being subject to a larger variation due to the thermal motion of Cu in the 18 O compound than in the 16 O compound. Figure 6 illustrates the anisotropic thermal parameters for Cu in the shape of an ellipsoid with axes U 11 , U 22 and U 33 corresponding to thermal motion. At 15 K the zero-point motion is almost isotropic in the y-z direction, while there is a considerable anisotropic deformation at room temperature. For O1 which is also in-plane the anisotropy is similar, the elongation in the z-direction is also most pronounced at 290 K while the zero point motion is almost isotropic. The out-of plane ions O2 and La behave in the different way: at 15 K La is almost isotropic in the x-z direction and O2 is almost isotropic in the y-z direction, whereas the maximum displacement is along the y-and z-direction for La and O2, respectively. At room temperature the thermal motion is highly anisotropic and the largest elongation is along the x-direction for both out-of-plane ions La and O2.
V. CONCLUSIONS
In the present work we have studied the influence of the oxygen isotope effect (
18 O vs. 16 O 78%) on structural and thermal parameters by means of high-resolution neutron diffraction experiments on the antiferromagnetic insulator La 2 CuO 4 . The oxygen concentration in the 16 O and 18 O samples was determined to be 4.004 ± 0.005 by hydrogen reduction. The excess oxygen content was confirmed to be small by neutron diffraction measurements which revealed the samples to be single-phased (Cmca). We found a nonvanishing negative OIE on the lattice parameters in the order of 0.01%. The OIE on the Cu-O1 bond length turned out to be negative as well. We found a considerable OIE on the zero point motion in terms of the isotropic and anisotropic thermal parameters (up to 100% for La), it is positive for the atoms La and Cu, whereas it is negative for O1 and O2. A refinement using anisotropic thermal parameters yielded qualitatively the same result, in particular the sign of the OIE on the anisotropic thermal parameters is identical for the x-, y-and z-direction with the sign of the OIE on the isotropic thermal parameters. Moreover, we discovered that the OIE on the anisotropic thermal parameters varies significantly with the direction of thermal motion e.g. ∆U 11 ≈ 0.9 and ∆U 11 ≈ 0.3 for La at 15 K. The huge OIE on the isotropic thermal parameters can therefore be attributed mainly to the thermal motion in the x-direction. Furthermore our diffraction study revealed that the anisotropic deformation of the ellipsoid of thermal motion is different for in-plane and out-of-plane ions. The elongation is most pronounced along the z-direction for Cu and O1 (in-plane) and along the x-direction for La and O2 at 290 K. Zero point motion is isotropic at least in two directions. The preferred direction of thermal motion is identical for the 16 O and 18 O sample. Thermal motion in La 2 CuO 4 is in the range of 10-20 meV 21 whereas the energy scale of the antiferromagnetic exchange J is of the order of 100 meV 3 . Thus the displacement of the ions due to thermal motion is almost static as compared to the electronic scale of the hopping integral t and the antiferromagnetic exchange J.
We hope that the present detailed structural data will stimulate theoretical studies on how the OIE on structural parameters as well as on the zero point motion affects the hopping integral t and the antiferromagnetic exchange J in La 2 CuO 4 .
VI. ACKNOWLEDGEMENTS
We greatly acknowledge fruitful discussions with H. Keller and B. Batlogg as well as helpful contributions from D. Hennig, B. Rössner and U. Blaesi. The study was supported by NCCR MaNEP Project.
